INTRODUCTION
Recently, studies on molecular changes during the aging progress have been performed to understand the mechanisms and pathology of adult diseases, such as cancer, Alzheimer's disease, and diabetes. [1] [2] [3] Molecules such as telomerase, p16 Ink4A , MTOR, NFKB1, and SIRT1 have been found to be involved in the aging process, and they have been used to predict longevity. [4] [5] [6] [7] In addition, microRNAs (miRNAs) have been investigated to identify how they modulate aging-associated signaling pathways by binding to specific promoter regions of target mRNAs. 8, 9 To this end, differentially expressed miRNAs (DERs), originating from a specific fraction of blood, such as cells, serum, or microvesicles (e.g., exosomes), have been identified in adult blood compared to that of infancy, [10] [11] [12] which could provide key molecules to elucidate the aging mechanism.
In addition, transfection of miRNAs enables the modulation of biological processes. [13] [14] [15] Specific miRNAs can be delivered to target tissues via the circulatory system, to modulate cellular pathways related to disease pathology in specific tissues. [16] [17] [18] According to these studies, reprograming of gene expression could be used for disease therapy by introducing specific miRNAs into the blood that could eventually be delivered to target tissues. Such strategies are expected to have the capacity to modulate age-related genes, permitting reversal of cellular senescence and aging. However, there have not been reports on the reverse-aging effect in the aging body by injecting miRNAs into the circulatory system.
In the delivery of miRNAs from tissue to tissue, there are several routes for penetration through cell membranes, including complexation with proteins and lipids or encapsulation in vesicles, such as exosomes. 19, 20 miRNAs also can be transferred directly from cell to cell;
for example, miRNAs in macrophages were shown to be transferred via inclusion into the cellular membrane of hepatocarcinoma cells. 21 These vesicular or cellular compartments in the blood would be a more stable source of miRNAs, and miRNAs isolated from them would have longer half-lives, than to free miRNAs in the blood. Therefore, if miRNAs are profiled in the whole blood of the aging body, the expanded pool of circulating miRNAs, including those from peripheral blood cells and vesicular fractions as well as cellfree forms, could aid in discovering important regulators of the aging process. They also have been proposed as non-invasive or minimally invasive biomarkers for aging. 22 In this study, we analyzed whole blood as a source of miRNAs, including vesicular, cellular, and free miRNAs. We identified agingrelated miRNAs in the whole blood of mice, and we analyzed their potency in differentially regulating the expression of well-known aging-related molecules in tissues. For this, we selected candidate miRNAs based on high-throughput screening of DERs through deep sequencing of RNA from whole blood. Then, the DERs were introduced into aged mice following encapsulation in a liposomal vehicle. Finally, we showed an acute response in the expression of aging-associated molecules after transfection of these DERs into aged mice.
RESULTS

Age-Related miRNA Expression in Whole Blood
For preliminary screening of aging-related biomarkers in whole blood, including peripheral blood mononuclear cells (PBMCs), total RNA from 3-, 8-, and 12-month-old mice was analyzed by next-generation sequencing (NGS) analysis. When a 2-fold change was applied as the cutoff for selection of DERs, 155 miRNAs were found to be altered in 8-month-old mice compared to 3-month-old mice, and 196 genes were changed at 12 months compared to those at 8 months.
Of the miRNAs, 46 were found to show >2-fold synchronous changes (step-by-step increase or decrease) between 8-and 12-month-old mice and 3-and 8-month-old mice. To select reliable biomarkers for aging, we limited DERs to those with a >4-fold synchronous alteration between 8-and 12-month-old mice and 3-and 8-monthold mice. Table 1 shows the final 27 DERs selected, from the whole-blood RNA library, using this criteria. Among the 27 DEGs, only miR-3077-3p and miR-5107-5p increased with aging, whereas the other 25 miRNAs decreased over time.
Selection of Candidate Biomarkers Based on Network Analysis of DERs
To identify the molecular network of the selected DERs, the Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com) was used. Using 27 DERs, the molecular network, regarding cancer, organismal injury and abnormalities, and reproductive system disease, was proposed to be representative of aging in the whole blood. The molecular connections between miRNAs and proteins in this network are shown in Figure 1. In this network, ten of 27 DERs were connected to each other. The involvement of five miRNAs, miR-17-5p, miR-103-3p, miR130a-3p, miR-148a-3p, and miR-30c-5p, in Ppara expression, miR21a-5p in Akt and Pik3r1 expression, and miR-16-5p in Bcl2 and Ccnd1 expression also was proposed in this network. Figure 2A shows the functional changes caused by 27 DERs in aged mice, analyzed by IPA. Pathway analysis with the IPA database can be used to explore the functionality of the critical genes at the system level. 23 Using IPA core analysis, we also identified canonical pathways associated with the function of these genes. The five top canonical pathways were liver steatosis, heart failure, decreased level of albumin, renal necrosis, and cardiac dilation. Liver steatosis, a type of non-alcoholic fatty liver disease (NAFLD), showed the highest significance (p = 8.29 Â 10 À10 ) among these functional changes (p < 0.05). Histological analysis of liver tissue from 3-month-old to 24-month-old mice showed that fatty liver became more severe with age, which is a key sign of liver steatosis ( Figure 2B ). This supports the result that selected DERs from whole blood are closely related to liver aging, which appeared in the form of fatty liver. Of 27 DERs, miR-17-5p, miR-103-3p, miR-130a-3p, miR-30c-5p, miR-21a-5p, and miR-16-5p are related to NAFLD, and we selected these six miRNAs as candidate biomarkers from the whole blood of aged mice. Table 2 summarizes the six miRNAs related to NAFLD and their associated genes in the network shown in Figure 1 . Bcl2, Ccnd1, E2f1, E2f2, E2f3, Ppara, and Smad2 are involved in this network, and they were predicted to be the targets of these miRNAs by the miRTarBase, 24 starBase 2.0, 25 and TargetScan databases. 26 
Confirmation of Expression of the Six Selected miRNAs in Whole Blood and Liver Tissue
Expression of the six miRNAs, miR-16-5p, miR-17-5p, miR-21a-5p, miR-30c-5p, miR-103-3p, and miR-130a-3p, was confirmed in the whole blood of aged mice by real-time qPCR. As shown in Figure 3A , all six miRNAs selected as candidate biomarkers were significantly downregulated at 24 months compared to their expression at 8 months of age. Although the expression of miR-30c-5p, miR-103-3p, and miR130a-3p was significantly increased at 8 months compared to that at 3 months, it was obvious that the overall pattern of expression decreased with age. These results indicated that the selected miRNAs eventually decreased over 24 months, but there were some fluctuations during the initial process of aging, from 3 to 8 months.
To determine the biological relevance of miRNAs as biomarkers for tissue aging, expression in the liver was analyzed by qPCR. Figure 3B shows that the expression of all six miRNAs was significantly decreased at 12 months of age compared to that at 8 months of age. The mean increased expression from 3 to 8 months of age was similar for all six miRNAs, and it was significant for miR-16-5p, miR-21a-5p, and miR-30c-5p. The selected six miRNAs showed aging-dependent decreases in liver expression at 12 months of age, but they showed some fluctuation in the initial stage of aging, from 3 to 8 months, similar to that observed in whole-blood samples.
To confirm the decreased miRNA levels in aged livers, the expression of genes involved in the network ( Figure 1 ; Table 2 ) was analyzed by western blotting. Figure 3C shows that proteins such as BCL2, PPARA, CCND1, and SMAD2/3 were significantly decreased with age, and the expression of E2F1, E2F2, and AKT significantly increased with aging.
Thus, decreased expression of six miRNAs, selected from highthroughput screening of whole-blood samples, in the liver as well as the whole blood of aged mice was confirmed by qPCR. In addition, expression of the associated genes was found to be significantly altered, which supported the hypothesis that the selected miRNAs changed during the aging process.
Transfection of miRNAs into Aged Mouse Livers via the Circulatory System
Mice (18 months old, n = 8) were divided into two groups, one of which was injected with vehicle only (control group), while the other was injected with the six miRNAs (miR-16-5p, miR-130a-3p, miR-17-5p, miR-103-3p, miR-30c-5p, and miR-21a-5p) encapsulated in a vehicle ([+] miRNA group). Then 12 hr after intraperitoneal injection of the six miRNAs (twice, every 12 hr), the level of miRNAs in the liver was measured by qPCR. We detected a significant increase in three miRNAs, miR-21a-5p, miR-103-3p, and miR-30c-5p (Figure 4A ). miR-16-5p was detected in the control and (+) miRNA groups, but the expression was not significantly different. 
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The functions related to this network are defined as cancer, organismal injury and abnormalities, and reproductive system disease. miRNAs, indicated as green half circles, represent the selected DERs. The connection with Ppara is shown using pink arrows. The analysis was performed using the Ingenuity Pathway Analysis (IPA) program at http://www.ingenuity.com. Error bars show SD.
miR-17-5p and miR-130a-3p were not detected in either the control or (+) miRNA group. These results were interpreted to indicate differences in delivery efficiency and degradation rate in liver tissue or circulatory system, following injection of the miRNA encapsulated in the liposomal vehicles.
As shown in Figure 4B , we also analyzed protein levels following transfection of miRNA into the liver. BCL2, CCND1, and PPARA were observed to decrease with aging ( Figure 3C ) but to increase in the livers of mice in the (+) miRNA group ( Figure 4B ). E2F2, which was increased in aged mice, showed decreased expression following miRNA transfection. AKT was increased with aging in liver tissues and also increased by the transfection of the six miRNAs. These results indicate that miRNAs encapsulated in a vehicle can be transfected into the livers of aged mice. Of the injected miRNAs, three were increased in the liver, whereas the other three were not significantly changed or not detected in either group. However, the success of miRNA transfection was supported by changes in the expression of proteins involved in the miRNA target network.
Acute Reversal of Aging by Delivery of miRNA in Liver
Because miRNAs transfected into tissues could affect the expression of proteins in the network, it was expected that these miRNAs also could reverse known aging indicators. Telomererelated genes have been reported to be involved in the aging process; thus, we quantified the expression of telomere-related enzymes following miRNA transfection. The telomererelated genes evaluated in this study were Men1, Terf2, Tnks2, Tep1, Tert, and Mre11a. Expression of Mre11a (which encodes a double-strand break repair protein) was $40-fold higher in the livers of the (+) miRNA group than in control mice ( Figure 5A ). Decreased expression of Mre11a is associated with aging and has been reported to contribute to cellular senescence. 27 Although expression of other telomere-related proteins did not change significantly, transfection of these six miRNAs into the liver was demonstrated to reverse the expression of aging-related genes.
Expression of other aging markers, such as p16 INK4A , MTOR, and SIRT1, in the liver also was analyzed following miRNA transfection. Figure 5B shows that the expression of p16 INK4A and MTOR significantly decreased after miRNA transfection, but SIRT1 was not significantly altered.
DISCUSSION
Profiling of miRNAs has been performed in whole blood 10 and PBMCs 28 of humans; in these studies, the majority of miRNAs were downregulated with age. In our study, 25 of 27 miRNAs selected as DERs from the whole blood using a 4-fold change criterion were www.moleculartherapy.org decreased, similar to previous results observed in humans (Table 1) . However, the set of DERs identified in mice showed no overlaps with the set of DERs identified in humans; miRNAs that are deregulated in mouse serum also have been reported, but only two (miR-10-5p and miR-5107-5p) of 48 miRNAs were identical to the DERs identified here from whole blood. 22 Using pathway analysis, we identified six miRNAs from whole blood as circulatory biomarkers of aging; liver steatosis was proposed to be the most critical change caused by the selected DERs (Figures 2A and  2B ). The selected miRNAs were all associated with NAFLD and the network of these miRNAs is shown in Figure 1 . In this network, BCL2, PPARA, CCND1, SMAD2/3, E2F1, E2F2, and AKT were involved. The genes for these proteins were predicted as target genes by miRNA databases (Table 2) .
Even though we selected DERs that showed a linear relationship with aging through NGS analysis, four miRNAs (with the exception of miR-17-5p and miR-21a-5p), analyzed by qPCR, showed increased expression at 8 months of age compared to that at 3 months, which was the opposite of NGS results ( Figure 3A ). This result was attributed to the difference in the sample preparation methods and the sensitivity of instruments used in analysis. Before NGS analysis, total RNA samples were prepared and then the small RNA fraction was separated using a small RNA sample preparation kit, followed by cDNA synthesis. In contrast, the quantification of a specific miRNA by qPCR was performed with cDNA synthesized through the addition of a poly(A) tail to total RNA. In addition, some fluctuations in the small RNA proportion during aging have been reported in Caenorhabditis elegans 29 and Bombyx mori, 30 wherein the total number of miRNAs and small RNAs, respectively, showed a concave pattern during development. Therefore, it was interpreted that the proportion of small RNA (mainly composed of miRNA) to total RNA at 3 months was lower than that at 8 months; thus, the final concentration in the total RNA at 3 months by qPCR would be lower than that in the small RNA fraction by NGS analysis.
When we analyzed the selected six miRNAs in liver tissue, the expression levels were significantly decreased at 12 months of age (Figure 3B) , even though they were significant as late as at 24 months of age in whole blood. This result indicates that the expression change in liver occurred before changes in the blood. Nevertheless, it revealed that deregulation of the selected six miRNAs occurred in both liver and blood, which implies that these aging-related miRNAs are common to liver and blood.
The expression of BCL2, PPARA, E2F1, E2F2, AKT, CCND1, and SMAD2/3, which were associated in the network of the six miRNAs, also was analyzed in 3-, 8-, and 12-month-old mice by western blotting. Among these proteins, BCL2, PPARA, CCND1, and SMAD2/3 were downregulated and E2F1, E2F2, and AKT were upregulated along with the decreased expression of the six miRNAs in aging. Various mechanisms that link miRNAs in miRNAinduced silencing complexes (miRISCs) to reduced expression of target proteins by the inhibition of translation or induction of mRNA degradation have been reported. 31 However, many miRNAs that enhance gene expression also have been reported, mediated through the repression of negative transcriptional regulators. 32 The capability of activating gene expression directly or indirectly has been revealed in response to different cell types and conditions. 26, 33, 34 In this study, the downregulated genes also were predicted as the target genes of the miRNAs by several databases, such as miRTarBase, but the actual mechanism of regulation was assumed as indirect targeting that led to the positive regulation of gene expression.
The results indicated that gene expression had been significantly altered, as reported in previous studies on aging mechanisms. For example, decreased expression of BCL2 in T cell subsets in humans 35 and PPARA in rat spleens 36 was reported with aging. Decreased CCND1 expression was reported to be caused by p16
Ink4A37 and was related to embryonic stem cell senescence. 38 Significant alteration in TGF-b-signaling pathways was shown to result in a loss of the protective SMAD2/3 pathway during the aging of mice. 39 A previous report revealed that E2F1 enhanced cellular senescence in human fibroblast cells by negatively regulating FOXO3. 40 Administration of blood plasma from young mice to aged mice was reported to induce a reversal of aging, resulting in recovery from cognitive and synaptic plasticity impairments. 41 Thus, we hypothesized that transfection of blood constituents in aged mice would induce differential expression of aging-related molecules. When we transfected the selected six miRNAs into the liver of 18-month-old mice, the levels of three miRNAs (miR-21a-5p, miR-103-3p, and miR-30c-5p) were significantly increased ( Figure 4A ). Interestingly, expression of the associated proteins (BCL2, CCND1, E2F2, and PPARA) was significantly reversed with increased levels of these three miRNAs in liver, following the injection of six miRNAs ( Figure 4B ).
Telomere length is correlated with longevity and disease resistance during normal aging in animals; in mammalian somatic cells, short telomeres can trigger replicative senescence. 42 Telomerase subunits include TERT, TEP1, TERC, and DKC1. 43 Telomeric repeat-binding factor 2 (TERF2) 44 and tankyrase-2 (TNKS2) 45 are components of the shelterin nucleoprotein complex, which plays a key role in the protective activity of telomeres. Stabilization of telomeric DNA is assisted by the double-strand break repair protein MRE11A, which was shown to exhibit statistically significant age-dependent downregulation in human lymphocytes. 27 It was suggested that maintenance of a higher expression of MRE11A might be responsible for the longer lifespan observed in the longevity group. Figure 5A shows the expression of these telomere length-related genes, such as Men1, Tert, Tep1, Terf2, Tnks2, and Mre11a. Among these, Mre11a was dramatically increased in the livers of the (+) miRNA group. Elevated levels of Mre11a supported the hypothesis that miRNA transfection into liver could reverse the expression of aging-associated molecules in the liver. In our study, the selected six miRNAs clearly induced Mre11a, but they did not induce telomerase activity, as seen with Tert and Tep1 expression.
Other aging-associated proteins have been identified in animals, such as p16 Ink4A , 46, 47 MTOR, 5, 48 and SIRT1. 49 When the six miRNAs were transfected into the liver, p16
Ink4A and MTOR decreased significantly; this indicated a reversal in the expression of aging-related molecules. The expression of SIRT1 has been reported to decline with aging in animals and human tissues, including lung, fat, heart, and blood vessels. 50 In our study, SIRT1 was upregulated on average but this change was not statistically significant. This result indicates that the transfection of six miRNAs reversed aging-associated upregulation of p16
Ink4A and MTOR but could not significantly reverse the downregulation of SIRT1.
In this study, the alteration in levels of agingrelated molecules lasted for only 1 day; therefore, the observed effect was acute rather than chronic. We set out to detect an immediate response following transfection of miRNAs, before longer-term adaptation occurred. Overall, transfection of the six miRNAs selected in this study showed promise for reversing the expression of aging-associated pathways in animal models.
Conclusions
In this study, we investigated the effects of miRNA transfection on selected aging biomarkers. By analyzing the acute response in the target tissue, miRNA transfection was confirmed, and it was shown to induce a reversal in the expression of aging-related molecules. This is the first example of modulation of aging pathways through in vivo transfection of miRNAs. This result suggests that miRNA transfection via the circulatory system shows potential to induce changes in aging-related molecules, an important step toward the reversal of aging and development of therapeutics for aging-related diseases.
MATERIALS AND METHODS
Animals
C57BL/6 male mice aged 2, 7, 11, and 23 months were purchased from Central Lab Animal. The animals were maintained after purchase at DGIST Animal Laboratory in accordance with the Institutional Animal Care Guidelines. The Animal Care and Use Committee of DGIST approved all animal protocols. After 1 month of acclimation, animals were sacrificed and tissues (blood, liver, and lung) were sampled immediately.
Small RNA Sequencing Method
For high-throughput screening of miRNAs differentially expressed in aged mice, NGS was performed with total RNA isolated from the whole blood of mice. Total RNA was isolated from whole blood using the Hybride-R RNA Kit (GeneAll), according to the manufacturer's instructions. Total RNA integrity was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies), with an RNA integrity number (RIN) value >8 as a cutoff value. Small RNA sequencing libraries were prepared using a TruSeq Small RNA Library Preparation kit (Illumina), according to the manufacturer's instructions. A small RNA (1 mg) sample pooled with equal amount of each mouse (n = 3) was ligated with RNA 3 0 and RNA 5 0 adapters. Reverse transcription followed by PCR was used to create cDNA constructs based on small RNA ligated to 3 0 and 5 0 adapters. This process selectively enriched fragments with adapter molecules on both ends. The small RNA fraction was purified with the Pippin Prep electrophoresis plat- form (Sage Science). The quality of the libraries was verified by capillary electrophoresis using an Agilent 2100 Bioanalyzer (Agilent Technologies). The libraries were pooled in equimolar amounts and loaded on the flow cell of a HiSeq 2000 sequencing system (Illumina). Sequencing was performed to generate 1 Â 50-bp length read.
Analysis of DERs and Pathways Related to Aging
DERs were selected according to two criteria as follows: (1) a 4-fold change in expression between mice of 3 and 8 months of age and 8 and 12 months of age, and (2) these changes occurred in the same direction, for example, they were both up-or downregulated at each aging step. Pathway analysis was performed to determine the most relevant signaling pathways associated with DERs, using the IPA (http://www.ingenuity.com) database. Briefly, the DERs and their extreme expression values in age-dependent samples were uploaded to the dataset files of IPA. Then, core analysis was performed and the resultant functional changes and the candidate crucial genes were identified.
Histological Analysis
Histological processing and embedding in wax were performed by conventional techniques. Briefly, the biopsies were fixed in 4% paraformaldehyde for 24 hr and embedded in paraffin. Sections $4 mm thick were stained with hematoxylin for 10 min, washed, and stained with eosin for 2 min. After washing with water, the slides were gradually dehydrated in 50%, 70%, 90%, and 100% ethanol. The stained sections were examined and images were captured with a light microscope (Leica ICC50 HD, Leica Microsystems).
Delivery of miRNA to Liver Tissue C57BL/6 male mice (18 months old) were randomly divided into two groups (n = 4), which were administrated PBS (control group) or a six-miRNA mixture composed of miR-16-5p, miR-130a-3p, miR-17-5p, miR-103-3p, miR-30c-5p, and miR-21a-5p ([+] miRNA group). All miRNA mimics were purchased from Bioneer. The miRNAs were encapsulated by a liposome-based transfection reagent (Liver in vivo Transfection Kit, Altogen Biosystems) for the delivery of miRNAs. Then the encapsulated miRNAs were administered by intraperitoneal injection into each group of mice, according to the manufacturer's instructions. The injection was performed twice, 12 hr apart, with 60 nmol/animal for each miRNA. The mice were sacrificed at 12 hr after the second injection.
miRNA and mRNA Expression Analysis by qPCR Total RNA was isolated from blood and tissues using the Hybride-R RNA Kit (GeneAll), according to the manufacturer's instructions. cDNA for miRNA analysis was synthesized from 5 ng total RNA using the Universal cDNA synthesis kit II (Exiqon). For the determination of miRNA expression, qPCR was performed using the miRCURY LNA Universal RT micro RNA PCR LNAPCR primer sets for miR-16-5p, miR-130a-3p, miR-17-5p, miR-103-3p, miR30c-5p, and miR-21a-5p (Exiqon), and the SYBR green PCR kit (Exiqon) in an ABI7900HT Real-Time PCR System (Thermo Fisher Scientific). cDNA for mRNA analysis was synthesized from 1 mg total RNA using PrimeScript 1st strand cDNA Synthesis Kit (Exiqon). For the determination of mRNA expression, qPCR was performed using gene-specific primer pairs and the Roche SYBR-Green master mix in an ABI7900HT Real-Time PCR System (Thermo Fisher Scientific).
Protein Expression Analysis Western Blotting
Total protein from liver tissues was obtained after homogenizing tissues in 100-300 mL RIPA buffer (Sigma-Aldrich). After incubation on ice for 15 min, centrifugation was performed at 10,000 Â g for 30 min, and the supernatant (protein) was collected for analysis. Protein concentrations were determined using a BCA protein assay kit (Bio-Rad). Samples (50 mg) were separated by 10% SDS-PAGE, and they were transferred to polyvinylidene difluoride (PVDF) membranes using a transfer apparatus (Trans-Blot SD semi-dry transfer cell, BioRad), according to the manufacturer's instructions. After blocking with 5% BSA in Trisbuffered saline with Tween 20 (TBST) for 1 hr at room temperature, membranes were incubated overnight at 4 C with primary antibodies against BCL2 (Cell Signaling Technology), PPARA (Santa Cruz Biotechnology), E2F1 (Santa Cruz Biotechnology), E2F2 (Santa Cruz Biotechnology), Akt (Cell Signaling Technology), CCND1 (Cell Signaling Technology), SMAD2/3 (Santa Cruz Biotechnology), p16
Ink4A (Abcam), MTOR (Bioworld Technology), SIRT1 (Abcam), and b-actin (Santa Cruz Biotechnology), followed by horseradish peroxidase (HRP)-conjugated anti-mouse IgG at room temperature for 1 hr. Blots were washed with TBST three times and developed with an ECL system (GE Healthcare Life Sciences), according to the manufacturer's protocols.
Statistical Analysis
For all experiments, data from three independent experiments were analyzed using a Student's t test and are reported as mean ± SD. Sigma Plot version 12.3 was used (Systat Software) to determine the p values. A p value < 0.05 was considered statistically significant.
AUTHOR CONTRIBUTIONS
J.-H.K. performed major experiments, such as animal treatment and molecular analysis, and wrote the manuscript. B.-R.L. and E.-S.C. maintained animals and performed staining of tissues for histological analysis. K.-M.L., S.-K.C., and J.H.C. contributed to the sacrifice of animals and preparation of tissue sections. W.B.J. performed network and pathway analysis of differentially expressed genes. E.K. designed the overall experiments and wrote the manuscript based on the integrated analysis of the whole data.
CONFLICTS OF INTEREST
The authors declare no conflict of interest related to this manuscript.
